The human granulocyte colony-stimulating factor receptor (hG-CSFR) belongs to the cytokine receptor superfamily. As with other members of this family, the cytoplasmic domain of hG-CSFR lacks intrinsic tyrosine kinase activity. To identify critical regions mediating growth signal transduction by hG-CSFR, deletions or site-directed amino acid substitutions were introduced into the cytoplasmic domain of hG-CSFR, and the mutant cDNAs were transfected into the murine interleukin-3 (IL-3)-dependent Ba/F3 and FDCP cell lines. Truncation of the carboxy-terminal end of the receptor to the membrane-proximal 53 amino acids of the cytoplasmic domain, which retained the conserved Box 1 and Box 2 sequence motifs, decreased the ability of hG-CSFR to transduce G-CSF-mediated growth signals without an associ-RANULOCYTE colony-stimulating factor (G-CSF) regulates the survival, proliferation, and differentiation of hematopoietic progenitor cells committed to the neutrophilic granulocyte lineage and the function of mature neutrophils.' G-CSF elicits target cell responses by binding to specific high affinity receptors at the cell ~u r f a c e .~.~ The gene for the human G-CSF receptor (hG-CSFR) has been cloned, and the structure of the receptor has been elucidated?.' The hG-CSFR belongs to the hematopoietic cytokine receptor superfamily, to which the interleukin (1L)-2 receptor (R) p chain, IL-3R, IL4R, IL-SR, IL-6R, IL-7R, erythropoietin receptor (EPO-R), granulocyte-macrophage (GM)-CSFR, leukemia inhibitory factor receptor (LIFR), and growth hormone receptor (GH-R) also belong."' On the basis of amino acid sequence analysis, these receptors share a common structural domain in their extracellular regions9~10 with four conserved cysteine residues and a WSXWS sequence motif. The WSXWS consensus sequence appears to be essential for ligand binding and growth signaling by the EPO-R," IL-2R,I2 and G-CSFR.I3
RANULOCYTE colony-stimulating factor (G-CSF)
regulates the survival, proliferation, and differentiation of hematopoietic progenitor cells committed to the neutrophilic granulocyte lineage and the function of mature neutrophils.' G-CSF elicits target cell responses by binding to specific high affinity receptors at the cell ~u r f a c e .~.~ The gene for the human G-CSF receptor (hG-CSFR) has been cloned, and the structure of the receptor has been elucidated?.' The hG-CSFR belongs to the hematopoietic cytokine receptor superfamily, to which the interleukin (1L)-2 receptor (R) p chain, IL-3R, IL4R, IL-SR, IL-6R, IL-7R, erythropoietin receptor (EPO-R), granulocyte-macrophage (GM)-CSFR, leukemia inhibitory factor receptor (LIFR), and growth hormone receptor (GH-R) also belong."' On the basis of amino acid sequence analysis, these receptors share a common structural domain in their extracellular regions9~10 with four conserved cysteine residues and a WSXWS sequence motif. The WSXWS consensus sequence appears to be essential for ligand binding and growth signaling by the EPO-R," IL-2R,I2 and G-CSFR. I3 The cytoplasmic domains of the hematopoietic cytokine receptors are less well conserved and show no strict consensus elements or amino acid sequences with homology to any known protein tyrosine kinases. Despite the lack of intrinsic tyrosine kinase activity, tyrosine phosphorylation of receptor components and activation of cellular tyrosine kinases, including the family of Jak kinases, has been reported for the majority of the cytokine receptors.'"'' A region within the membrane-proximal cytoplasmic domain consisting of two distinct segments of amino acids, designated Box 1 and Box 2, has been identified in members of the cytokine receptor family6*22 and is essential for transmitting growth signals and activating Jak kinases.'6.1s.2@2'
In the present study, we have investigated the functional significance of proline residues within the conserved Box 1 region of hG-CSFR in induction of the G-CSF growth signal by introducing site-directed amino acid substitutions. We also show that amino acids distal to Box 2 are required for delivery of a maximal proliferative signal by hG-CSFR. We show that mutant receptors that do not transduce mitogenic signals in response to G-CSF despite retention of G-CSF
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AVALOS ET AL the blunt-ended 2.6-kb cDNA fragment and subcloned into the BsrXI site of the eukaryotic expression vector pCDM8 (a gift from Dr B. Seed, Massachusetts Institute of Technology) to obtain the wild-type Deletion mutants of hG-CSFR were generated as follows: pCD-WT was digested with Mse I or CfrlOl, corresponding to nucleotide (nt) 2442 and nt 2282, respectively, blunt-ended with the Klenow fragment of Escherichia coli, gel-purified, and ligated to a universal translation terminator and then to BsfXI linkers. Both were then digested with Xho I, blunt-ended, gel-purified, and subcloned into BstXI and blunt-ended Hind11 sites of pCDM8 to generate pCDMse and pCD-Cfr, respectively.
Construction of the cytoplasmic deletion mutant was performed by recombinant polymerase chain reaction (PCR) using the following four oligonucleotide primers: PFI ,5' ACACGCTCAGCTGCACCThG-CSFR (pCD-WT).
TCCA 3'; PF,, 5' GTACGGAATTCGGCGCCCTCGAGGGAT-CTTCCA 3'; PR,, 5' GGCGCCGAATTCCGTACG'ITGGGGCTG-CAACAG 3'; and PR,, 5' ATACCACAACAATTAGAATCAG 3'.
Primer PF, is a sense primer in the external region of hG-CSFR (nt 1337 to nt 1357). PR, is an antisense primer containing Not I, EcoRI, and BsiWI restriction enzyme recognition sequences (underscored) and 16 nucleotides (nt 2108 to nt 2123) from the transmembrane domain of hG-CSFR. PF, is a sense primer containing 17 nucleotides of the PR, sequence (underscored) and 16 nucleotides of the pCDM8 vector (nt 2599 to nt 2615). PR2 is an antisense primer containing 22 nucleotides of the pCDM8 vector (nt 2776 to nt 2797). In step 1 PCR amplification, the extracellular portion of hG-CSFR was amplified using PF, and PR,, and the region from pCDM8 was amplified using PF1 and PR2 oligonucleotide primers. As a template, pCD-WT was used. PCR products were gel-purified and mixed together, and step 2 of PCR amplification was performed using PFI and PRz oligonucleotide primers. The PCR product was digested with ESP I and Xho I, gel-purified, and ligated into the same sites of pCD-WT to generate pCD-cyto. The universal translation terminator sequence was introduced into the blunted BsiWI restriction site.
Site-specific mutations of hG-CSFR were performed by primermediated, site-directed mutagenesis using PCR. Oligonucleotide primers were as follows: PF,, 5' AGGAAGAATGCCCTCTGG-TCCCCTCTGGCCAAGTGTCGCAGACGCAGCTCAC 3'; and PR,, as listed above. PF, is a sense primer in the cytoplasmic domain of hG-CSFR (nt 2124 to nt 2165) containing substitutions (underscored) at nt 2133,2142,2151, and 2157. PF4 is also a sense oligonucleotide primer with substitutions at nt 2151 and 2157. To generate pCD-4PR, oligonucleotide primers PF, and PR, were used. Oligonucleotide primers PF, and PR, were used in PCR amplification to generate pCD-2PR. As a control, recombinant wild-type D7 hG-CSFR (pCD-RWT) was constructed using oligonucleotide primers PF, and PR2. Primer PF, is a sense primer to the cytoplasmic domain of hG-CSFR (nt 2124 to nt 2139), and PR2 is an antisense primer as described above. As a template, pCD-WT was used. PCR products were gel-purified and cloned into the blunted BsiWI restriction site of plasmid pCD-cyto. All plasmid constructs were confirmed by chain termination sequencing using a Sequenase Kit (United States Biochemical, Cleveland, OH).
Transfection of cDNAs info cell lines. Human G-CSFR expression plasmid constructs were transfected into cells by electroporation. Plasmid DNAs were linearized by digestion with Ksp I. Plasmid p309, a gift from Dr J. Lang (Ohio State University) containing the neo gene was digested with HindIII. In brief, 5 X lo6 cells were washed once with ice-cold phosphate-buffered sucrose (270 mmoY L sucrose, 1 mmol/L MgClz, and 7 mmol/L sodium phosphate buffer, pH 7.4), then suspended in 0.8 mL of phosphate-buffered sucrose, and transferred to 0.4-mm gap gene pulser cuvettes (Bio Rad, Hercules, CA). Linearized plasmid cDNA constructs (80 pg) were mixed with 8 pg of linearized p309 neo plasmid and added GCAAGTGTCGCAGACGCAGCTCAC 3'; PF4, S'AGGAAGAAto the cells. Electroporation was performed at 350 V and 25 pF capacitance. Samples were returned to ice and incubated for 10 minutes, then diluted with 40 mL of appropriate media, and incubated at 37°C. After 48 hours, the cells were washed and resuspended in appropriate media. Stable transfectants were selected by culturing cells in medium containing G418 (GIBCO) at a concentration of 1.2 mg/mL for Ba/F3 and 0.6 m@mL for FJXP cells. Isolated clones were selected by limiting dilution and culture in 96-well microtiter plates.
Isolation and analysis of RNA. Total RNA was extracted by a single-step isolation method?' Northern blotting was performed with 20 pg of total RNA using agarose formaldehyde gels. The 2.6-kb D7 hG-CSFR cDNA was used as a probe. The cDNA was labeled with [32P]-deoxyadenosine triphosphate (dATP) using a random primer kit (Stratagene, Ldolla, CA).
Proliferation assays. Cells were washed three times with media without growth factor and cultured in quadruplicate at a cell density of 1.5 X 104/mL for BaF3 clones and 3 x 104/mL for FDCP clones. A total of 100 pL of cells was seeded into 96-well microtiter plates.
Varying concentrations of G-CSF or WEHI conditioned media were added to the cells, which were then incubated at 37°C for 72 hours. Cells were pulsed with 1 pCi per well of ['Hlthymidine (specific activity, 248 GBq/mmol; ICN, Costa Mesa, CA) for the final 8 hours before harvest. Three independent subclones were analyzed for each transformant. Data were plotted from the average of three separate experiments performed in quadruplicate.
Binding of ['2Sr]-labeled G-CSF to cell lines and crosslinking. Iodination of recombinant hG-CSF (rhG-CSF) and binding of [lZ5I] -G-CSF were performed as described previo~sly.~ The rhG-CSF was a gift from Drs L. Souza and T. Boone (Amgen, Thousand Oaks, CA). For affinity crosslinking, a total of I X lo7 cells was incubated with 1.35 nmol/L [1251]-G-CSF in the presence or absence of a 500-fold excess of unlabeled G-CSF for 3 hours at 4°C. The cells were washed and resuspended in 1.0 mL ice-cold phosphate-buffered saline (PBS) containing 1 mmol/L dissucinimidyl suberate (DSS; Sigma, St Louis, MO). The reaction was quenched after 30 minutes by the addition of 100 pL of ice-cold l-mol/L Tris-HCI (pH 7.4); the cells were pelleted and lysed in buffer containing 1% Triton X-100, 1 mmol/L disopropyl fluorophosphate (DFP), 1 mmol/L phenylmethylsulfonyl fluoride (PMSF), 10 pmoVL pepstatin, 1 mg/mL aprotinin, 2 mmol/L EDTA, and 10 pmollL leupeptin (Sigma). Supernatants were immunoprecipitated with a polyclonal rabbit antihuman G-CSF antibody and Pansorbin cells (Calbiochem, San Diego, CA). The samples were resuspended in sodium dodecyl sulfate (SDS) sample buffer containing 4% p-mercaptoethanol, boiled, and loaded onto a 7.5% SDS polyacrylamide gel. The dried gel was then subjected to autoradiography.
Immunoprecipitation and immunoblot analysis. Cells (1 X 10') were preincubated in growth factor and serum-free RPM1 1640 containing 2% bovine serum albumin (BSA) for 6 to 8 hours and then stimulated with 10 ng/mL rhG-CSF for 10 minutes at 37°C. After stimulation, the cells were washed, then lysed in buffer containing 1 mmom DFP, 1 mmol/L PMSF, 0.1 U/mL aprotinin, IO pg/mL leupeptin, 10 pg/mL pepstatin, and 1 mmol/L sodium orthovanadate (Sigma), and incubated at 4°C for 20 minutes?' Insoluble material was removed by centrifugation at 10,000 rpm at 4°C for 10 minutes.
Cell lysates were subsequently used for immunoprecipitation or run on 8% SDS polyacrylamide gels and subjected to immunoblot analysis.
For immunoprecipitations, protein concentrations in all experiments were determined by the Pierce BCA Protein Assay (Pierce, Rockford, IL) using BSA as a standard and were adjusted to be equivalent for each sample. Cell lysates were incubated with the appropriate antibodies overnight at 4°C. For immunoprecipitations, 4G10 was used at 15 to 20 pg/mL and anti-c-re1 antiserum at l : 100. Antigen-antibody complexes were recovered using Protein- 
RESULTS

Requirement of the membrane-proximal 53 amino acids
of the cytoplasmic domain of hG-CSFR for G-CSF-induced mitogenesis. Expression of either of two forms of hG-CSFR that share the first 96 amino acids of the cytoplasmic domain and differ only at the carboxyl terminus has previously been shown to render BAFIB03 cells responsive to G-CSF.30 To extend these observations, a series of deletion mutants carrying carboxy-terminal truncations at amino acid positions 735,682, and 630 were constructed and introduced into the L-3-dependent Ba/F3 and FDCP cell lines. The mutant hG-CSFR cDNAs were generated by introduction of universal translation terminator codons at the indicated positions and cloned into the eukaryotic expression vector pCDM8. The resultant truncated hG-CSFR cDNAs ( Fig 1A) were designated pCD-Mse (aa735), pCD-Cfr (aa682), and pCD-cyto (aa630): pCD-Mse retains the membrane-proximal Box 1 and Box 2 sequences and an additional 54 amino acids of the D7 (class IV) receptor isoform; pCD-Cfr terminates just outside the conserved Box 2 sequence; and pCDcyto is devoid of the entire cytoplasmic domain. The wildtype hG-CSFR variant D7 cDNA5 cloned into pCDM8 and designated pCD-WT as well as truncated hG-CSFR cDNAs were cotransfected with the p309 plasmid carrying the neomycin resistance gene into Ba/F3 and FDCP cells.
We initially examined the G-CSF binding properties of these stable transformants by [ ]-G-CSF to three independent B/cyto clones demonstrated a higher level of receptor expression than observed in wild-type transformants, the reasons for which are not known. Northern blot analysis of total RNA isolated from wild-type D7 and truncated hG-CSFR transformant clones using the hG-CSFR cDNA as a probe demonstrated expression of the receptor mRNA species (Fig 2A) . An approximately 2.6-kb band was detected. As expected, the cyto mutants expressed smaller mRNA transcripts. Crosslinking experiments confirmed that the transformant clones expressed hG-CSFR binding proteins. A ligand-receptor complex with an apparent molecular weight of 150 to 160 kD was observed, and as expected, a smaller crosslinked complex was seen with the B/cyto mutant (Fig 2B) . No mRNA transcripts or crosslinked complexes for hG-CSFR were detected in the control trans- formant clones B/CDN and FlCDN transfected with pCDM8 and p309 neo vectors alone (Fig 2A and B) .
The ability of the truncated receptor mutants to transduce G-CSF-mediated growth signals was examined by ['HIthymidine uptake and long-term cell growth. As shown in (Fig 3) . A concentration of 100 pmoll L G-CSF was sufficient to support long-term growth of wildtype transformants (Fig 4) . Mse mutants terminating at residue 735 also responded to G-CSF in a concentration-dependent manner up to 2 nmol/L for B/Mse and 20 nmoVL for F/Mse. Long-term growth of both transformants was observed with 100 pmoVL G-CSF. Although the Cfr mutant expressed in BaF3 or FDCP cells (BlCfr, F/Cfr) responded to G-CSF in a dose-dependent manner, growth of this mutant was 40% to 60% less than that observed with transformants transfected with the wild-type D7 hG-CSFR cDNA ( B M , F M ) . Cfr mutants also required higher concentrations of G-CSF to stimulate DNA synthesis at levels comparable with wild-type D7 transformants. Deletion mutants lacking the entire hG-CSFR cytoplasmic domain (Blcyto, Flcyto) showed no response to G-CSF, either by ['Hlthymidine uptake or long-term growth (Figs 3 and 4) . For personal use only. on November 16, 2017. by guest www.bloodjournal.org From 3122 residues and possesses a Pro-Xaa-Pro (PXP) motif that is present in most members of the cytokine receptor family, we introduced site-specific mutations by primer-mediated mutagenesis using PCR to determine the functional significance of the proline residues within Box 1 in hG-CSFRmediated growth signal transduction.
Initially, all three proline residues within Box 1 as well as the one located just outside Box 1 (Pro633, Pro636, Pro639, and Pro641) were substituted with alanine (Fig IB) . The resultant mutant plasmid pCD-4PR containing the entire D7 hG-CSFR cytoplasmic domain except for these four alanine substitutions was transfected into Ba/F3 and FDCP cells, and the stable transformants B/4PR and F/4PR were established. Expression of hG-CSFR by these stable transformants was confirmed by ["'I]-G-CSF binding assays (Table I) , Northern blot analysis (Fig 2A) , and crosslinking (Fig 2B) . Although 4PR receptor mutants bound G-CSF with similar affinities as the wild-type D7 receptor (Table I) , these mutants did not transduce G-CSF-mediated DNA synthesis (Fig 3) or long-term growth (Fig 4) . Even high concentrations of G-CSF up to 200 nmol/L could not support the growth of these mutants (Fig 4) . These results were confirmed using three independent B/4PR clones.
We further examined which of the four proline residues were essential for G-CSF-induced mitogenesis. In the conserved PXP sequence, Pro639 and Pro641 were substituted with alanine (Fig IC) and the mutant transformants B/2PR and F/2PR were established in B D 3 and FDCP cells. Alanine substitution for these two proline residues completely inactivated the receptor for either [3H]thymidine incorporation or long-term growth in G-CSF (Figs 3 and 4) . These results were confirmed in three independent B/2PR clones. Expression of the receptor by these mutants was confirmed by Northern blot analysis (Fig 2A) and affinity crosslinking (Fig 2B) . Scatchard analysis of the equilibrium binding of ['2SI]-G-CSF to these mutant transformants (data not shown) was consistent with expression of a single class of high affinity receptors, with a kd similar to that observed for transformants expressing wild-type D7 hG-CSFR (Table l) . Although both 4PR and 2PR transformants tended to express fewer receptors than wild-type D7 transformants (Table l) , the failure of these mutants to transduce mitogenic signals in response to G-CSF could not be attributed to their slightly lower level of receptor expression, as there was no direct correlation between the level of receptor expression and magnitude of proliferative response (data not shown). Thus, the PXP sequence in the conserved Box 1 region of the cytoplasmic domain of hG-CSFR is essential for hG-CSFRmediated mitogenesis.
Induction of tyrosine-specific phosphorylation of cellular substrates by hG-CSFR. Tyrosine phosphorylation of cellular substrates has been reported for most of the cytokine receptors studied. Recently, tyrosine phosphorylation of cre1 has been reported in human neutrophils after stimulation with G-CSF." This effect was shown to be unique for G-CSF and was not observed after treatment of neutrophils with other cytokines including GM-CSF and tumor necrosis factor (TNF). Therefore, we examined the ability of Ba/F3 cells transfected with the wild-type D7 hG-CSFR cDNA (B/ W) to induce tyrosine phosphorylation of cellular substrates after stimulation with G-CSF. Immunoblot analysis of cell lysates from BiWT transformants stimulated with 10 ng/mL G-CSF using the 4G10 anti-phosphotyrosine antibody demonstrated tyrosine phosphorylation of cellular proteins of 150, 130, 105, 9 1, 75, 59, 47,44, and 37 k D , among which the 150-, 105-,75-, and 37-kD phosphoproteins were most prominent (Fig 5) . Although increased tyrosine phosphorylation over basal levels was observed for some of the cellular proteins, the 75-kD protein ( p 7 3 was most prominently inducibly phosphorylated. Tyrosine phosphorylation after G-CSF stimulation was rapid and maximal at IO minutes and decreased thereafter. By 60 minutes, the majority of the phosphorylated substrates could not be detected (data not shown). These results indicate that rapid phosphorylation of tyrosine residues on a multitude of intracellular proteins is an early event after ligand binding Tyrosine phosphorylation of p75 is coupled with hG-CSFR-mediated mitogenesis. We then examined the ability of Ba/F3 cells expressing hG-CSFR mutant cDNAs to induce tyrosine phosphorylation of cellular substrates. The profile of tyrosine phosphorylated proteins for each mutant transformant is shown in Fig 6A. As shown in Fig 6B, phosphorylation of p75 was observed only in cells expressing to hG-CSFR.
For In contrast, cells expressing mutant receptors that did not transduce G-CSF proliferative signals lacked the ability to induce phosphorylation of p75 (cyto, 4PR, and 2PR). Substitution of the two proline residues alone in the conserved PXP sequence of Box 1 with alanine was sufficient to inactivate hG-CSFR for induction of tyrosine phosphorylation of p75. Interestingly, the level of tyrosine phosphorylation of p75 appeared reduced in the Cfr mutant, which also showed a decreased capacity for growth in response to G-CSF. These results indicate that tyrosine phosphorylation of p75 is an early event associated with transduction of mitogenic signals by hG-CSFR and that proline residues within the PXP sequence motif of Box 1 are required for induction of tyrosine phosphorylation of p75.
IdentiJcation of p75 as c-rel. Based on the recent observation that c-re1 is rapidly and specifically tyrosine phosphorylated in human neutrophils after G-CSF stimulation," we examined whether the 75-kD protein that is inducibly tyrosine phosphorylated in BaF3 cells expressing the wild-type D7 hG-CSFR cDNA (B/WT) is also c-rel. Immunoprecipitation of G-CSF-stimulated BMPT cell lysates with c-re1 antibody followed by immunoblotting with 4G10 demonstrated that c-re1 is inducibly tyrosine phosphorylated by G-CSF (Fig 7A) . Immunoblotting using c-rel-specific antibody of cell lysates from G-CSF-stimulated B/WT cells immuno- 
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precipitated with 4G10 confirmed that the tyrosine-phosphorylated 75-kD protein is c-re1 (Fig 7B) . To demonstrate that c-re1 is the major component of the 75-kD band, lysates were precleared with anti-c-re1 antiserum by immunoprecipitation, and the unbound fraction was subjected to immunoprecipitation with 4G10. Immunoblot analysis with 4G10 of G-CSF-stimulated B/WT cell lysates immunoprecipitated with c-re1 antibody yielded an inducibly tyrosine-phosphorylated band at 75 kD (Fig SA) that was not apparent when the unbound (precleared) fraction was immunoprecipitated with 4G10 and subjected to 4G10 immunoblotting (Fig 8B) . 
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In the present study, we show that the PXP sequence within the conserved Box 1 motif of hG-CSFR is indispensable for growth signaling. Substitution alone of Pro639 and Pro641 by alanine completely abolished growth signal transduction by hG-CSFR. The loss of signal-transducing ability by hG-CSFR coincided with disappearance of tyrosine-specific phosphorylation of the transcriptional regulator ~75""' in Ba/F3 transformants. Our data suggest that the PXP motif of Box 1 of hG-CSFR is critical for activation of a tyrosine kinase, which appears to directly transduce a signal to a protein that functions as a transcriptional regulator.
In a previous report, substitution of the same proline residues in the PXP motif of Box 1 of gp130 with serine was shown to result in the loss of signal transducing capacity by gpl30 and an associated disappearance of tyrosine phosphorylation of gp130 and Jak2.I' The mechanism by which substitution of these two critical proline residues alone in hG-CSFR and gp130 results in inactivation of these receptors for mitogenic activity and protein tyrosine phosphorylation is unknown at present. It is possible that substitution of the two proline residues changes the tertiary structures of the cytoplasmic regions of hG-CSFR and gp130, as proline is a strong helix breaker and believed to be important in protein structure. An alternative explanation is that the Box 1 regions of these receptors interact with specific tyrosine kinases that transmit growth proliferative signals and, in the case of hG-CSFR, a kinase responsible for tyrosine phosphorylation of Requirement of the Box 1 and Box 2 motifs for mitogenic signaling and tyrosine phosphorylation of Jak2 has been reported for EPO-R,I6 GM-CSFRF and IL-3R.*' An EPO-R mutant containing a point mutation at the conserved W resi- due (aa282) between the Box 1 and Box 2 regions has been reported to be mitogenically inactive, yet still associated with Jak2.I6 Recently, Jakl, another member of the family of Jak kinases, was shown to associate with hG-CSFR, and both become tyrosine phosphorylated after receptor a~tivation.'~ It is possible that the point mutation in EPO-R and the point mutations in hG-CSFR described here are sufficient to disrupt a functional interaction of these receptors with Jak kinases in vivo without lowering the affinity of the interaction sufficiently to eliminate physical interaction in vitro.
Our data also suggest a role for c-re1 in growth signal transduction by hG-CSFR. Tyrosine phosphorylation of cre1 correlated with the growth signal transduction capacity of hG-CSFR. Decreased tyrosine phosphorylation of ~75""' was seen with the mitogenically impaired Cfr mutant, and a complete loss of tyrosine phosphorylation of c-re1 was observed in the mitogenically inactive 2PR and 4PR mutants after G-CSF stimulation. The precise role of ~75""' in mitogenic signaling mediated by hG-CSFR remains to be elucidated. In neutrophils, tyrosine phosphorylation of c-re1 has been shown to be specific to G-CSF and is not observed after stimulation with other cytokines." We did not examine whether ~75""' is also tyrosine phosphorylated after IL-3 stimulation of Ba/F3 and FDCP transformants to determine whether tyrosine phosphorylation of ~75""' is unique to G-CSF stimulation. Studies with other cytokine receptors and with G-CSWGH-R hybrids, the cytoplasmic domains of which have been shown to be functionally interchangeable when the receptor hybrid cDNAs were transfected into FDC-PI cells?4 might prove helpful in further establishing the role of c-re1 in mitogenic signaling by G-CSFR and other members of the cytokine receptor superfamily.
Using a series of deletion mutants, we also show that a membrane-proximal region of 53 amino acids of hG-CSFR is sufficient to generate a proliferative signal in Ba/F3 and FDCP cells. Our results confirm and extend two previous reports that the first 55 and 57 amino acids of the cytoplasmic domain of hG-CSFR are required for growth signal transduction in BAF cells".g5 and a recent report that the first 76
For personal use only. on November 16, 2017. by guest www.bloodjournal.org From amino acids of the murine G-CSFR are required for G-CSFdependent proliferation in FDC-P1 cells.32 Within the critical 53-amino acid cytoplasmic signal transducing region of hG-CSFR lie the Box 1 and Box 2 sequence motifs, which are conserved among members of the cytokine receptor superfamily. Termination of hG-CSFR between these two motifs has been reported to inactivate the receptor for growth signal transduction?' Truncations or point mutations in either of these two conserved sequence motifs in the signal-transducing gp130 molecule completely abolish the IL-&mediated growth signal." Mutations in the Box 2 region have also been shown to significantly affect or inactivate the function of EPO-R and L 2 R P chain, re~pectively.".~~ Collectively, these observations suggest that Box 2 is the most distal region that is required for cytokine receptor growth signaling.
Our data with the mitogenically impaired Cfr mutant suggest that additional downstream sequences are required for delivery of a full proliferative signal and, perhaps, for interaction with c-rel. Other studies have emphasized the significance of residues distal to Box 2 of hG-CSFR in augmenting its mitogenic potential and in inducing acute-phase protein gene expression in hepatoma cell line tran~fectants?~*~~ Several recent studies have also indicated the importance of amino acids distal to Box 2 within the so-called extended Box 2 subdomain of EPO-R for efficient m i t~g e n e s i s .~~.~~ Presumably, a domain for unknown enzymatic activity or for interaction with other cytoplasmic molecules is located within close proximity of Box 2 of the cytosolic portion of We do not yet know which signal transduction pathways are uniquely activated in induction of a proliferative versus maturation response by hG-CSFR. The C-terminal region of the cytoplasmic domain of the G-CSFR has recently been shown to be essential for induction of myeloperoxidase gene expression and transduction of maturation Further studies to determine the specific tyrosine kinases activated and downstream signaling molecules will be required to dissect signal transduction pathways used by hG-CSFR to transduce proliferative versus maturation signals.
hG-CSFR and EPO-R.
